The near-solidus crystallization history of the Paleoproterozoic Bushveld Complex, the world's largest layered intrusion, has been investigated using the in situ trace element geochemistry (LA-ICP-MS) of accessory minerals that crystallized from late, highly fractionated pockets of interstitial melt in layered cumulates and from granitic magmas in felsic roof rocks. Zircon with simple to complex sector zoning occurs in mafic-ultramafic rocks in interstitial pockets that contain quartz-biotite-plagioclase and local granophyric intergrowths. Chondrite-normalized rare earth element patterns are typical of igneous zircon and Ti is negatively correlated with Hf in most samples. Ti-in-zircon thermometry of the cumulates (T ¼ 950-730 C) records the onset of zircon saturation through to the solidus, with notably cooler temperatures determined for Upper Zone and roof rock zircon (T ¼ 875-690 C). Forward modelling of proposed Bushveld parental magmas using rhyolite-MELTS consistently yields similar temperatures for zircon saturation (800-740 C) from highly fractionated melts ($5-20% remaining melt) with late-stage, near-solidus mineral assemblages similar to those observed in the rocks. Anomalously high and variable Th/U (2-77) in zircon from orthopyroxenites in the Critical Zone, including those associated with the PGE-rich UG2 chromitite and Merensky Reef in the Upper Critical Zone, can be related to U loss from the fractionated interstitial melt during exsolution of late, oxidized Cl-rich fluids. In addition to zircon, rutile occurs throughout the Critical Zone of the Bushveld Complex in two different textural settings, as interstitial grains with quartz and zircon and with chromite, each with distinctive chemistry. Euhedral rutile needles found in interstitial melt pockets have relatively high HFSE concentrations (Nb ¼ 1000-20 000 ppm; Ta ¼ 100-1760 ppm), high Zr-in-rutile temperatures (1000-800 C), and are magmatic in origin. Rutile associated with chromite, either as rims or inclusions, is strongly depleted in HFSE (Nb <1000 ppm; Ta <100 ppm) and in Cr and Sc relative to magmatic rutile, and represents a sub-solidus exsolution product of Ti from chromite. Exploring the near-solidus evolution of mafic layered intrusions such as the Bushveld Complex using the trace element chemistry of accessory minerals provides a novel approach to constraining the late stages of crystallization from highly fractionated interstitial melts in these petrologically significant intrusions.
INTRODUCTION
Layered intrusions preserve rock records of the processes by which mafic-ultramafic magmas crystallize in the continental crust and they provide ideal natural laboratories for studying magmatic evolution and differentiation in time and space (Wager & Brown, 1968; Parsons, 1987; Cawthorn, 1996; Irvine et al., 1998; Maier et al., 2001; Charlier et al., 2015) . The petrology and geochemistry of layered intrusions has typically focused on the textural setting and major element chemistry of the primary cumulus mineral assemblage formed at high temperature (i.e. primocrysts: olivine, pyroxene, spinel, plagioclase), however, there is much to be learned from examining the final stages of crystallization of cumulates (e.g. Meurer & Meurer, 2006; Holness et al., 2011; Yudovskaya et al., 2013; Scoates & Wall, 2015) . These late-stage processes, which can include textural maturity (Holness et al., 2007; Holness & Vernon, 2015) , accessory mineral crystallization (Scoates & Chamberlain, 1995; Scoates & Wall, 2015; Zeh et al., 2015) , isotopic mineral disequilibrium (Tepley & Davidson, 2003; Chutas et al., 2012) , and liquid immiscibility (VanTongeren & Mathez, 2012; Veksler & Charlier, 2015) , provide critical insight into the magmatic history of these remarkable intrusions.
The mineral zircon (ZrSiO 4 ) is now recognized as a relatively common accessory mineral in mafic and ultramafic rocks of layered intrusions (Scoates & Chamberlain, 1995; Scoates & Friedman, 2008; Wotzlaw et al., 2012; Scoates & Wall, 2015; Zeh et al., 2015; Mungall et al., 2016; Wall et al., 2018) . Zircon is widely used in U-Th-Pb geochronology (e.g. Silver & Deutsch, 1963; Schoene, 2013; Barboni & Schoene, 2014) , and increasingly used in Hf isotope geochemistry (e.g. Griffin et al., 2002; Belousova et al., 2006 Belousova et al., , 2010 and O isotope geochemistry (e.g. Valley, 2003; Hawkesworth & Kemp, 2006) . The emergence of zircon as a powerful tool for identifying and fingerprinting magmatic sources and processes (e.g. Belousova et al., 2002; Grimes et al., 2009 Grimes et al., , 2015 Claiborne et al., 2010 ) is due to the wide range of incompatible trace elements that can be readily incorporated into its crystal lattice. Rare earth element concentrations and ratios in zircon can be used to monitor crystallization processes and magmatic conditions (e.g. Belousova et al., 2006; Trail et al., 2012; Burnham & Berry, 2014) . Additionally, the temperaturedependent substitution of Ti 4þ in its structure when it is in equilibrium with quartz (SiO 2 ) and rutile (TiO 2 ) allows zircon to serve as a robust thermometer (Ti-in-zircon thermometry) under a range of geologic conditions (Watson & Harrison, 2005; Ferry & Watson, 2007) . Other accessory minerals reported from mafic layered intrusions with applications to U-Pb geochronology and trace element-isotopic geochemistry include baddeleyite (ZrO 2 ), apatite (Ca 5 (PO 4 ) 3 (F, Cl, OH)), rutile (TiO 2 ), and titanite (CaTiSiO 5 ) (Scoates & Wall, 2015) .
The trace element geochemistry of accessory zircon and rutile has been investigated using samples that span nearly the entire 8 km-thick stratigraphic sequence of the Paleoproterozoic Bushveld Complex, South Africa, including samples from the overlying granites and granophyres. The textural setting of zircon and rutile was established by combined petrographyscanning electron microscopy (SEM), and the internal structure and zoning of individual grains was imaged by SEM-cathodoluminescence (SEM-CL). Their trace element concentrations were determined in situ by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS; n ¼ 397 analyses). Trace element variations were used to evaluate petrologic relationships, including thermometry (e.g. Ti-in-zircon, Zr-inrutile), between the major zones of the intrusion and to constrain the late-stage crystallization history of fractionated interstitial melt in the cumulates and granites. A forward geochemical model has been developed for proposed Bushveld parental magmas that tracks the evolution of late-stage fractionated melt to temperatures approaching the solidus of these rocks, with implications for the consolidation history of mafic layered intrusions in general.
GEOLOGIC SETTING OF THE BUSHVELD COMPLEX
South Africa's Bushveld Complex is the world's largest mafic-ultramafic layered intrusion and was emplaced into the Kaapvaal Craton at c.2Á06 Ga (Fig. 1) (Eales et al., 1993; Eales & Cawthorn, 1996; Cawthorn et al., 2009; Maier et al., 2013; Cawthorn, 2015; Scoates & Wall, 2015; Zeh et al., 2015; Mungall et al., 2016) . Covering more than 95 000 km 2 (Finn et al., 2015) , the Bushveld Complex has a number of associated satellite intrusions (e.g. Uitkomst, Losberg, Moloto) and overlying volcanic sequences within the broader Bushveld Magmatic Province. The Bushveld Complex includes the Rustenburg Layered Suite, an up to 8 km-thick sequence of stratified mafic and ultramafic cumulates that hosts world-class deposits of chromium, platinum group elements (PGE) and vanadium (Eales & Cawthorn, 1996; Maier, 2005; Cawthorn et al., 2009; Maier et al., 2013; Cawthorn, 2015) (Fig. 2) . In the Eastern Limb, the Upper Zone is in direct contact with contemporaneous volcanic rocks of the Rooiberg Group, the Stavoren Granophyre of the Rashoop Granophyre Suite, and the Nebo Granite of the Lebowa Granite Suite, all of which show complex field and petrogenetic relationships with the Rustenburg Layered Suite (Twist & French, 1983; Walraven, 1985; VanTongeren et al., 2010; Mathez et al., 2013; VanTongeren & Mathez, 2015) (Fig. 3) .
The Bushveld Complex outcrops in five major limbs-Eastern, Western, Far Western, Northern and Southern-spanning nearly 400 km from east to west, with the limbs dipping gently inward to form a bowlshaped intrusion (Cawthorn & Webb, 2001; Webb et al., 2011) . The limbs appear to be (inter)connected at depth based on geophysical evidence, stratigraphic relations, and xenolith studies (Hall, 1932; Cawthorn & Walraven, 1998; Webb et al., 2011) . The Eastern Limb of the Bushveld Complex provides the best surficial exposures due to relatively rugged topography and lack of vegetation compared to the Western and Northern limbs and, as a result, has been mapped in the most detail (von Gruenewaldt, 1973; Cameron, 1978 Cameron, , 1980 Sharpe, 1981; Harmer & Sharpe, 1985; Molyneaux, 2008) (Fig. 3) .
Geology of the Rustenburg Layered Suite
Rocks of the Rustenburg Layered Suite are divided from base to top into the Marginal, Lower, Critical, Main, and Upper zones, with most contacts determined by changes in cumulus or primocryst mineralogy (Kruger et al., 1987; Eales & Cawthorn, 1996; Cawthorn et al., 2009) . Wilson (2015) reported a newly discovered Basal Ultramafic Sequence, including a basal chill sequence, beneath the Marginal Zone, with in excess of 800 m of harzburgites and feldspathic peridotites in the Clapham Compartment of the Eastern Limb. The Lower Zone has a maximum thickness of 1Á4 km in the Eastern Limb and is composed primarily of adcumulate dunites and harzburgites at the base and top with lesser volumes of orthopyroxenite in the middle of the unit (Cameron, 1978; Maier et al., 2013; Wilson, 2015) . The Critical Zone has been subdivided into the Lower Critical Zone and Upper Critical Zone, and is characterized by abundant orthopyroxenites and numerous cyclic units (Eales et al., 1990) . The Upper Critical Zone is host to chromium and PGE deposits found within laterally continuous horizons of chromitite and sulphide-bearing 'reefs' (e.g. PGE-rich Merensky Reef) (Cameron, 1980; Naldrett et al., 1986 Naldrett et al., , 2012 Eales et al., 1990; Mondal & Mathez, 2006) . The >2 km thick Main Zone of the Bushveld Complex includes mafic rocks of noritic to gabbronoritic composition . The Main Zone extends from the top of the Bastard Reef, which lies stratigraphically above the Merensky Reef, to the Pyroxenite Marker, which represents a major compositional reversal from massive noritic rocks to layered orthopyroxenites (von Gruenewaldt, 1973; Sharpe, 1985) . The <2 km thick Upper Zone, from the top of the Pyroxenite Marker to the roof of the Rustenburg Layered Suite, consists of gabbronorites and diorites that contain layers (up to 21) of massive to semi-massive magnetite, the most significant being the Main Magnetite Layer (MML) (VanTongeren et al., 2010; Cawthorn, 2013a) . In the southeastern section of the Bushveld Complex, a sequence of quartz hornblende monzonites referred to as the 'Residual Zone' (Cawthorn, 2013b) lies above the Upper Zone and beneath the Rooiberg Group.
Parental magmas have been proposed for the four major zones of the Bushveld Complex based on the chemistry of marginal rocks and sills found in contact with the Rustenburg Layered Suite (Fig. 2) (Sharpe, 1981 (Sharpe, , 1985 Tegner et al., 2006; Barnes et al., 2010) . Where present, these marginal rocks, which typically consist of fine-grained norites to gabbronorites, are up to a few hundred metres thick and are in contact with the Lower Zone, Critical Zone and Main Zone in the Eastern Limb (Sharpe, 1981; Maier et al., 2013) . Some marginal rocks and sills are considered to represent Bushveld Complex parental melts based on trace element concentrations, platinum group element ratios and modelled crystallization sequences . In the Burgersfort area of the Eastern Limb (Fig. 3) , marginal rocks associated with the Lower Zone are relatively Mg-rich tholeiites (Mg# ¼ 77) and are referred to as B1 (Sharpe, 1981 (Sharpe, , 1982 Barnes et al., 2010) . Marginal rocks in contact with the Lower Critical Zone are comparable to the Mg-rich B1 compositions of the Lower Zone. Upper Critical Zone marginal rocks consist of a more fractionated tholeiitic basaltic composition (Mg# ¼ 55) than the B1 rocks and are referred to as B2 (Sharpe, 1981; Barnes et al., 2010) . The Main Zone parental magma is considered to be the B3 composition, which is similar to the B2 tholeiite, but with higher Mg# ¼ 62 (Sharpe, 1981; Barnes et al., 2010) . The Upper Zone is interpreted to represent crystallization of the final phase of Bushveld Complex magmatism as represented by the proposed mafic UUMZ parental magma (UUMZ ¼ Upper Zone Upper Main Zone) (VanTongeren et al., 2010) .
Geology of the felsic roof rocks
Bushveld Complex roof rocks that overlie the Rustenburg Layered Suite comprise a series of felsic igneous rocks dominated by granites and granophyres (e.g. Walraven, 1987; Kleemann & Twist, 1989; Cawthorn et al., 2009; Fourie & Harris, 2011; Mathez et al., 2013 
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Upper Zone Granophyre (Fig. 3) , which is defined by micrographic intergrowths of quartz and alkali feldspar (Walraven, 1985 (Walraven, , 1987 . Sheets of Stavoren Granophyre are in direct contact with the underlying Rustenburg Layered Suite and are found between the Nebo Granite of the extensive Lebowa Granite Suite and the overlying volcanic rocks of the Rooiberg Group (e.g. Walraven, 1987; Mathez et al., 2013) . The 3-5 km thick Rooiberg Group consists of thick volcanic sequences (up to 400 m each) that range from basaltic to rhyolitic in composition (Twist & French, 1983; Schweitzer et al., 1995; Buchanan et al., 1999 Buchanan et al., , 2002 . In the Rooiberg Group, the Damwal, Kwaggasnek, and Schrikkloof formations stratigraphically overlie the Rustenburg Layered Suite, whereas the lowermost basaltic-dacitic Dullstrom Formation is found both below and above the Rustenburg Layered Suite (Twist & French, 1983; Schweitzer et al., 1995; Buchanan et al., 1999) .
Previous work on zircon and rutile in the Bushveld Complex
Zircon in the Bushveld Complex has been the focus of a number of geochronological and trace element studies. Zircon was recovered from a pegmatitic orthopyroxenite of the Merensky Reef in the Western Limb by Scoates & Friedman (2008) , who recognized the interstitial textural setting of this U-Th-Pb-bearing accessory mineral and published the first high-precision U-Pb date from the Bushveld Complex using the chemical abrasion-ID-TIMS or CA-TIMS technique (weighted mean 207 Pb/ 206 Pb date ¼ 2054Á4 6 1Á3 Ma, 2r). Scoates & Wall (2015) re-analysed zircon from this sample and reported a revised age of 2057Á04 6 0Á55 Ma, as well as a 2056Á88 6 0Á41 Ma date for zircon from the Merensky Reef in the Eastern Limb, thus confirming synchronous crystallization of this horizon across >300 km in the Bushveld Complex. As part of a broader study of the effects of downhole fractionation corrections in LA-ICP-MS U-Pb geochronology, Ver Hoeve et al. (2018) also investigated in situ dates for zircon grains from the Merensky Reef that were variably untreated, annealed, and annealed. Zeh et al. (2015) presented CA-TIMS U-Pb zircon results for nine samples spanning the stratigraphic sequence of the Rustenburg Layered Suite and proposed that the entire stack of mafic-ultramafic rocks crystallized within about one million years at c.2055-2056 Ma. Mungall et al. (2016) focused on samples from the Critical Zone and found a restricted range of CA-TIMS U-Pb zircon dates of c.2056 Ma for eight samples, that based in part on statistically significant differences between them, indicate an out-of-sequence emplacement of sills in this part of the intrusion.
The trace element geochemistry of zircon from the mafic-ultramafic rocks of the Bushveld Complex, mainly focused on samples from the Critical Zone, has been examined by Yudovskaya et al. (2013) and Zeh et al. (2015) . Yudovskaya et al. (2013) analysed zircon from chromitites of the Critical Zone in the Eastern, Western, and Northern limbs for trace elements by LA-ICP-MS. They identified two types of zircon, each with distinctive trace element characteristics. Rare metamict or partially metamict cores with dark cathodoluminescence (CL) response are enriched in rare earth elements (REE), Y, Th, and U compared to abundant transparent zircon with bright CL response. Yudovskaya et al. (2013) proposed that the metamict, CL-dark cores represent a rarely preserved high-temperature crystallization stage of zircon and that the common CL-bright grains and rims crystallized from fractionated interstitial melt following new magma inputs and mixing of magmas with different proportions of crystals and melt. Ti-in-zircon thermometry for the chromitites in the Critical Zone yielded a range of temperatures from 930-760 C (Yudovskaya et al., 2013) . Zeh et al. (2015) recognized recrystallized melt inclusions in zircon consisting of quartz-K-feldspar intergrowths, which were also noted by Yudovskaya et al. (2013) , and identified systematic variations in CL intensity coupled with compositional changes in zircon from the Upper Critical Zone and lowermost Main Zone. Their Ti-in-zircon thermometry results indicated crystallization temperatures from 940-670 C. Zeh et al. (2015) also found significant Th/U variation in zircon, ranging from typical values of $0Á5-1Á5 in zircon from the Upper, Marginal, and Lower Critical zones to highly variable values (0Á6 to 10) in zircon from the Upper Critical Zone and the base of the Main Zone. They related the variable and high Th/U in zircon to fractionation of accessory minerals with zircon, including rutile, apatite, and thorite.
The presence of rutile in the Bushveld Complex has long been recognized (Cameron & Emerson, 1959) . Cameron (1979) described rutile in samples from the Critical Zone and recognized seven distinct settings and morphologies, including associations with chromite, either as rims or as inclusions, and as independent crystals within interstitial minerals (e.g. plagioclase, biotite). For the rutile intergrown with chromite, Cameron (1979) proposed an origin by subsolidus oxidation-exsolution from chromite during cooling. Scoates & Friedman (2008) , and subsequently Scoates & Wall (2015) , identified rutile in samples from the Merensky Reef, present as overgrowths on chromite or as discrete grains adjacent to chromite and as acicular needles in interstitial plagioclase and biotite. U-Pb dating of rutile from the Merensky Reef in the Western Limb and >300 km to the east in the Eastern Limb yielded ages of 2053Á00 6 2Á74 Ma and 2052Á96 6 0Á61 Ma, respectively (Scoates & Friedman, 2008; Scoates & Wall, 2015) , reflecting cooling through the closure temperature for Pb diffusion in rutile (400-450 C: Schmitz & Bowring, 2003) . In their study of microstructures in chromite grains from the Merensky Reef, Vukmanovic et al. (2013) observed rutile with morphologies similar to those described by Cameron (1979) that they also interpreted as an exsolution product from chromite. Molyneaux (2008) . Note the discontinuous nature of the Marginal Zone, the restricted area of the Critical Zone, the major trough structure in the Burgersfort area dominated by rocks of the Lower Zone, the thick Main Zone, and the complex geologic relationships between the upper part of the Rustenburg Layered Suite and the overlying felsic rocks ('leptite', Stavoren Granophyre, Nebo Granite, Rooiberg felsite).
SAMPLES AND ANALYTICAL TECHNIQUES
All samples examined in this study are from the Eastern Limb of the Bushveld Complex, with the exception of SA04-13, which was collected from the West Mine (Townlands shaft; now known as the Khuselaka platinum mine, Khuseleka 1 shaft) near Rustenburg in the Western Limb (Table 1) . Samples with the prefix 'SA04-' were collected in May 2004 and all other samples are from the collection at the American Museum of Natural History (New York). A total of 20 samples, including surficial, underground and drill-core samples were processed through mineral separation, of which 13 yielded zircon grains and six contained rutile. The sample set includes one each from the Lower Zone (LZ10-02) and Lower Critical Zone (TW477-661), with the majority of samples coming from the Upper Critical Zone, including two UG2 chromitite horizon samples (DT28-912, B00-1-6), three samples from the PGE-rich Merensky Reef (B90-7, SA04-08, SA04-13) and one sample from the (uneconomic) Bastard Reef (MP24D2). Main Zone and Upper Zone rocks proved to be relatively poor targets for zircon recovery and only one sample from the base of the Main Zone (B90-1, Tennis Ball Marker) and one sample from near the top of the Upper Zone (B07-040) yielded zircon. The felsic roof rocks of the Bushveld Complex are represented by three samples. Sample B07-051 is a 'leptite', a granophyre with graphic intergrowths of quartz, plagioclase and alkali feldspar (Iannello, 1971) , and has been interpreted by VanTongeren & Mathez (2015) and VanTongeren et al. (2016) to represent the molten equivalent of highly thermally metamorphosed Rooiberg Group lava. Sample B10-054 is a Stavoren granophyre and sample B10-056 is a Nebo granite; both have been interpreted as differentiates of Upper Zone magma (Mathez et al., 2013; Zirakparvar et al., 2014; VanTongeren & Mathez, 2015) . Hf isotope results determined by laser ablation-MC-ICP-MS have been reported for zircon from samples B07-040, B10-056, and B10-056 in Zirakparvar et al. (2014) and from sample B07-051 by VanTongeren et al. (2016) .
All samples were crushed and separated using standard heavy liquid and magnetic separation techniques at the Pacific Centre for Isotopic and Geochemical Research at the University of British Columbia (UBC). Zircon grains were concentrated into the N2 (least magnetic) and N2/M5 magnetic splits and selected under a binocular microscope on the basis of clarity, size, external morphology and lack of visible inclusions or discoloration. Rutile was most commonly found in the N2/M5 Concentrations of Si, Zr, and Hf were measured using spot diameters of 5 lm and peak count times of 20 seconds, 10 seconds, and 100 seconds, respectively. The following standards, X-ray lines, and crystals were used for the elements considered: zircon, SiKa, TAP; zircon, ZrLa, PET; Hf element, HfLa, LIF; diopside, CaKa, PET. Spots were mostly placed in the centers of grains; fractures or slopes on the grain surfaces were avoided. Both Zr and Si are stoichiometric with an average value of 48Á6 wt % and 14Á9 wt %, respectively (Fig. 4) ; Hf contents are more variable (0Á93-1Á41 wt %).
Trace element concentrations were determined in zircon and rutile by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Pacific Centre for Isotopic and Geochemical Research (PCIGR) at UBC using a Resonetics (now ASI) RESOlution M-50-LR Class I laser ablation system coupled to an Agilent 7700x quadrupole ICP-MS (Table 2) . Ablations were carried out with the 193 nm excimer laser, using a beam energy of 100 mJ and a pit diameter of 34 lm, with a pulse rate of 5 Hz for a duration of 40 seconds followed by 20 seconds of gas blank. Spots were chosen based on grain-scale variations observed in CL images and grain size, with typically two analyses per grain. For zircon, measurements were conducted on the masses W were also analysed. Samplestandard bracketing was carried out with spot analyses of synthetic glasses NIST 612 and NIST 610 between zircon and rutile analyses and the natural zircon reference materials 91 500, Ple sovice, and FC-1 were also analysed.
Data were reduced using Iolite 2.5 software running within the Igor Pro environment using the Trace Elements IS data reduction scheme (Paton et al., 2011) . For zircon, NIST 612 was used as the standard and the average Zr contents (by sample) determined by EPMA were employed as an internal standard value for the unknowns. For rutile, the same reduction scheme was initially employed with a stoichiometric value of 59Á5 wt % Ti as the internal standard. This method resulted in trace element concentrations in the NIST 610 reference material that were $30% below values reported in Pearce et al. (1997) , likely due to the refractory nature of Ti and the physical and compositional differences between NIST 612 and NIST 610. Use of a semi-quantitative reduction scheme (no internal standard) yielded precise and accurate trace element concentrations in the NIST 610 reference material. The trace element concentrations and uncertainties for the rutile analyses were nearly identical for the two reduction methods; therefore, results from the semi-quantitative reduction method are utilized for this study. All concentrations are reported in ppm with uncertainties of 2r.
RESULTS
Textural setting and internal structure of zircon and rutile in the Bushveld Complex
Zircon occurs as a relatively common accessory mineral in ultramafic-mafic cumulates of the Bushveld Complex and is associated with interstitial pockets containing quartz, plagioclase, and locally alkali feldspar, which are commonly observed as granophyric and myrmekitic intergrowths (Figs 5, 6) . This textural setting is consistent with crystallization of zircon from fractionated pockets of interstitial melt (e.g. Yudovskaya et al., 2013; Scoates & Wall, 2015; Zeh et al., 2015; Wall & Scoates, 2016) . SEM-CL images of the analysed grains from the Bushveld Complex demonstrate the absence of embayed cores and truncated growth zones, with no evidence for xenocrysts, inheritance of older grains, or significant changes in crystallization conditions that could lead to dissolution and regrowth (e.g. Miller & Wooden, 2004) (Fig. 7 ). (Fig. 4 ).
In the mafic-ultramafic cumulates of the Rustenburg Layered Suite, zircon grains (generally) range from 100-250 lm in their longest dimension, whereas those from the felsic roof rocks are mostly smaller than 100 lm. Zircon from the Lower Zone (LZ10-02) is irregular (anhedral) and shows complex sector zoning (Fig. 7a) ; some grains appear featureless in CL imaging. Zircon from the Critical Zone is highly variable, both between samples and within grains from a single sample ( Fig. 7b-g ). Most grains are distinguished by sector zoning and some grains reveal convolute zoning with internal oscillatory bands (e.g. Fig. 7c ). Zircon from the UG2 chromitite and Merensky Reef in the Critical Zone displays a range of features dominated by anhedral, sector-zoned grains that commonly contain fine oscillatory zoning within sectors ( Fig. 7b-f ). Zircon from the Main Zone (B90-1) is characterized by poor CL response and few zoning features, with many grains appearing flat in CL or displaying minor CL gradients or banding (Fig. 7h) . Zircon in the Upper Zone sample is coarser grained and euhedral compared with those from the Main Zone, Critical Zone, and Lower Zone. Zircon from the Upper Zone has a brighter CL response and commonly displays micron-scale oscillatory zoning within growth sectors (Fig. 7i) . Zircon from the three different felsic roof units is typically euhedral and small, ranging from 50-150 microns in length. Oscillatory zoning is present in nearly all zircon from these samples, with more complex zoning locally present in some grains ( Fig. 7j-l) . Small inclusions within zircon observed in BSE images from the roof rock samples are identified as apatite, sodic plagioclase, and potassium feldspar. Rutile, which occurs in Lower Zone and Main Zone samples and in all samples from the Critical Zone, typically ranges from 60-250 lm in length, with many grains being $150 Â 100 lm in size. Most rutile is found as acicular crystals within interstitial pockets containing quartz, plagioclase, alkali feldspar, biotite, and zircon (Fig. 5a, d, i) . In the Critical Zone, sub-equant to rounded rutile is also found intimately associated with chromite, either on the rims or in the cores of chromite grains (Fig. 5d , f, g, h) as documented by Cameron (1979) and Vukmanovic et al. (2013) . In some samples (e.g. B00-1-6 from UG2), both associations are present within millimetres of each other (Fig. 5d ). BSE images reveal minimal internal structure in rutile (Fig. 8) ; however, some grains display fine sharp bright lines that represent exsolution lamellae of ilmenite ( Fig. 8c and d ).
Trace element geochemistry of zircon Table 3 . Thin section scan and photomicrographs showing the distribution, shape, and mineralogy of interstitial pockets in Lower Critical Zone sample TW477-661. (a) Thin section scan (4 x 2Á5 cm) in transmitted light shows cumulus orthopyroxene (grey) with abundant interstitial material -quartz, Na-plagioclase (white), biotite (brown), and chromite (black). Black outlined boxes indicate areas shown in detail in the panels. (b-g) Photomicrographs illustrating the mineralogy and textures of individual interstitial pockets including zircon. Scale bars are 500 microns in all panels. Abbreviations: opx, orthopyroxene; plag, plagioclase; chr, chromite; bt, biotite; grano, granophyre; qtz, quartz; cpx, clinopyroxene; rt, rutile; ap, apatite; zr, zircon.
addressed by comparing the results of the entire dataset ( Fig. 9 ) and by examining spatial variations within individual grains (Fig. 10) . Variations in the REE abundances and patterns of zircon from the different rocks in the Bushveld Complex are also evaluated (Fig. 11 ).
Hafnium and titanium
Hf concentrations in zircon from the Bushveld maficultramafic cumulates span a relatively wide range from 6903-13 350 ppm, with zircon from the felsic roof rocks showing less variation (6768-9690 ppm) (Fig. 9) . Titanium (4-61 ppm) is negatively correlated with Hf in nearly all analysed samples and three general Ti-Hf trends distinguish zircon from the Bushveld Complex (Fig. 9a) . Zircon from the Lower Zone and Main Zone is characterized by moderate Ti variations (10Á1-52 ppm) over a wide range of Hf (7900-12 860 ppm). Zircon from the Critical Zone has the highest and most variable Ti concentrations (4-61 ppm). Zircon from the Upper Zone has low Ti concentrations that overlap the Ti concentrations from felsic roof rock samples ( Fig. 9a and b) . Multiple analyses of individual grains (Figs 7, 10) reveal a range of zoning patterns, varying from no apparent differences in Ti-Hf between cores and rims (Figs 7c, d, 10b, e) to prominent normal zonation (increasing Hf: Fig. 7g , i) and reversed zonation (decreasing Hf: Fig. 10f ).
Thorium and uranium
There are three distinct populations of zircon from the Bushveld Complex based on Th-U concentrations ( Fig. 9c and d . Hf concentrations of the high-Th/U zircon in the Critical Zone are nominally higher than in other samples; however, there is no apparent correlation between increasing Hf and higher Th/U in the dataset (Fig. 9d) . The Th/U variations in rocks of the Critical Zone are significantly wider than those observed by Zeh et al. (2015) and individual grains from each of the Critical Zone samples have distinctive Th/U. Zonation in Th/U from core to rim is not systematic for the high-Th/U zircons, with no significant zonation in some of the analysed grains (Fig. 10b, c ) and weak zonation in others (decreasing Th/U: Figs 7b, d, e, 10d).
Rare earth elements
Chondrite-normalized rare earth element (REE) patterns of zircon from the Bushveld Complex display typical igneous zircon patterns with relatively depleted light REE (LREE) and relatively enriched heavy REE (HREE), sharp positive Ce anomalies, and prominent negative Eu anomalies (Fig. 11) . Patterns in zircon from Lower Zone and Critical Zone mafic-ultramafic cumulates are broadly subparallel and display similar ranges within each sample ( Fig. 11a-d) . The LREE in Main Zone zircon are elevated by 1-2 orders of magnitude compared with zircon from the Lower Zone, Critical Zone, and Upper Zone, while displaying similar Ce and Eu anomalies (Fig. 11e) . The cores of zircon grains from the Critical Zone do not show the elevated REE observed in some analyses reported by Yudovskaya et al. (2013) . Upper Zone zircon patterns are typical of igneous zircon and are comparable with Critical Zone samples (Fig. 11e) .
Zircon from roof rock granites and granophyres display strong enrichment in LREE, with La values varying more than five orders of magnitude (0Á03-1000 times chondritic values) in the Nebo Granite sample (Fig. 11f) . This LREE-enrichment is characteristic of all three roof rock samples and, as a result, many REE patterns are relatively flat. Some analyses from each of the three felsic roof rocks display more typical zircon REE patterns without significant LREE enrichment (Fig. 11f) . Anomalies in the chondrite-normalized REE patterns and ratios of the REE distinguish zircon from the different Bushveld Complex zones and rock packages. Europium anomalies in the sample set are mostly below 0Á5 (Eu/ Eu* ¼ 0Á12-0Á92) and show negative trends with Hf concentrations for analyses from a single sample (Fig. 12a) . In contrast, cerium anomalies are more variable (Ce/Ce* ¼ 0Á4-12Á6) and trends are not apparent (Fig. 12c) . Yb/Dy in zircon defines the slope of the HREE and Lu/Hf is related to the partitioning of the REE (e.g. Lu) relative to high field strength elements (e.g. Hf) (e.g. Samperton et al., 2015) . Yb/Dy ranges from 1Á6-4Á2 in Bushveld zircon, with the lower and less variable values (generally) associated with samples from the Lower Zone and All concentrations reported in parts per million (ppm). Raw LA-ICP-MS data reduced using Iolite 2.5 trace elements reduction scheme with Zr concentration determined by EPMA as internal standard. Q1
Critical Zone (Fig. 11b, d ). Lu/Hf is significantly higher and shows a greater range (Lu/Hf ¼ 21-114 Â 10 4 ) in zircon from the Main Zone and Upper Zone, and in the felsic roof rocks, compared with (most) zircon from the Lower Zone and Critical Zone (Lu/Hf <40 Â 10 4 ) (Fig. 9b) .
Trace element geochemistry of rutile
A summary of rutile trace element chemistry is provided in Table 4 and all analytical results by LA-ICP-MS are reported in Supplementary Data Electronic Appendix 3. Rutile readily accepts substitution of high field strength elements, including Zr, Hf, Nb, and Ta, up to wt % concentrations (e.g. Zack et al., 2004a; Zack & Luvizottow, 2006; Luvizotto et al., 2009) . Hafnium and Zr concentrations in rutile span a wide range from 2-303 ppm and from 43-8230 ppm, respectively (Fig. 13a) . The relationship between Nb and Ta distinguishes two distinct geochemical groups, a population of rutile typified by high HFSE (1000-20 000 ppm Nb, 100-1760 ppm Ta) and high Cr (5000-14 000 ppm) and Sc (8-17 ppm), and an anomalous population characterized by exceptionally low HFSE (<1000 ppm Nb, <100 ppm Ta) and low Cr (2000-4000 ppm) and Sc (3-15) (Fig. 11c) . 
DISCUSSION
Trace elements and their ratios (e.g. Ti, Th/U, Lu/Hf, P REE, Sc/Yb) vary significantly with stratigraphic height in zircon from the Bushveld Complex from the Lower Zone through the Upper Critical Zone to the top of the Upper Zone and into the roof granites (Fig. 14) . The trace element chemistry of Bushveld Complex zircon and rutile reflects the compositons of the parent magmas and variations in the crystallization path of fractionated interstitial melt in their host cumulates. The significance of trace element concentrations and ratios (e.g. Th/U) with respect to the processes that are recorded into their respective mineral systems are considered below. Using Ti-in-zircon and Zr-in-rutile thermometry, in conjunction with forward geochemical modelling of zircon saturation from proposed parental magmas, the crystallization pathways are constrained and their impact on the late, near-solidus processes of rocks from the Bushveld Complex is assessed.
Mapping the solidus of Bushveld Complex cumulates and granites using Ti-in-zircon thermometry
In the Bushveld Complex, zircon occurs in mafic-ultramafic rocks that are characterized either by heterogeneous textures, such as coarse grain size and the =T zrc ðKÞ-log aSiO 2 þ log aTiO 2
Interstitial quartz is present in all mafic-ultramafic cumulates and thus aSiO 2 ¼ 1 for all calculations. Rutile occurs in all Lower Zone, Critical Zone, and Main Zone samples, which fixes aTiO 2 ¼ 1; for the rutile-free Upper Zone and felsic roof rock samples, a value of aTiO 2 ¼ 0Á7 was used (e.g. Hayden & Watson, 2007; Grimes et al., 2009) . The Ferry & Watson (2007) thermometer was calibrated for a pressure of 1 GPa (10 kbars). They estimated a pressure dependence of -5 C/kbar for pressures below 10 kbar, which would lower the calculated temperatures for the Bushveld Complex (pressure of emplacement $3 kbar; Wallmach et al., 1995; VanTongeren et al., 2010) zircon by $35 C. In the following discussion, uncorrected T zrc values are compared with published Ti-in-zircon results (Yudovskaya et al., 2013; Zeh et al., 2015) and with the Zr-in-rutile thermometry results (Ferry & Watson, 2007; Tomkins et al., 2007) .
Application of Ti-in-zircon thermometry yields temperatures that range from $950 C). In contrast, zircon from the more evolved Upper Zone diorite and overlying felsic roof rocks are characterized by notably lower temperatures (T zrc $875-690 C) (Fig. 15j-m) . Estimated temperature ranges for individual samples are DT ¼ 182 C (LZ10-02, Lower Zone) to DT ¼ 83 C (B07-040, Upper Zone), ranges that are similar to those determined by Wall et al. (2018) for samples from the Stillwater Complex (DT ¼ 50-150 C).
Most Bushveld Complex samples show prominent negative Ti-Hf relationships that reflect crystallization of zircon from progressively fractionated interstitial melt (i.e. increasing Hf) as temperature decreased (i.e. decreasing Ti) (Fig. 15 ) (e.g. Grimes et al., 2009) . The (relative) range in temperature and composition exhibited by each sample likely reflects the connectivity of interstitial melt pockets within a given cumulate mass during cooling, compaction, and accessory mineral saturation (e.g. Meurer & Meurer, 2006; Holness et al., 2011; Cawthorn, 2013a) . Zircon from the Upper Zone sample and zircon from the three felsic roof rocks record relatively limited Ti-Hf variation, indicating that crystallization of zircon was likely near the eutectic temperature for these rocks.
Forward modelling and significance of zircon saturation in fractionated interstitial melts during crystallization of the Bushveld Complex
Forward geochemical modelling was carried out using rhyolite-MELTS v1.02 (Gualda et al., 2012) to investigate the conditions required for zircon saturation in Bushveld Complex mafic-ultramafic rocks, the predicted mineral assemblage at zircon saturation for comparison with the minerals observed in the latecrystallized interstitial pockets, and the thermometry results. The parental magma compositions used include the B1, B2, and B3 magmas from Barnes et al. (2010) and a 60:40 mixed composition of B1 and B2 magmas as a potential parent to the Upper Critical Zone . The MELTS runs were carried out at 3 kilobars pressure in both equilibrium and fractional crystallization mode at 10 C temperature increments, starting from just above the liquidus for each composition down to 690 C, or until no melt remained. To reproduce the predominantly orthopyroxenite cumulates present in the Critical Zone, clinopyroxene crystallization was suppressed. The initial starting water contents were varied from 0Á25-1Á0 wt % H 2 O; 1Á0 wt % H 2 O yielded phases that were most consistent with the observed late-stage mineral assemblages of quartz, biotite, and apatite. Amphibole crystallization was also suppressed due to its absence in the mafic-ultramafic cumulates. Distribution coefficients for Zr for the mineral phases present in the modelled crystallization sequences were taken from Bé dard (2006, 2007) . Bulk zircon saturation was calculated following the experimentally determined relationship of Watson (1979) with revised coefficients by Boehnke et al. (2013) that relate zircon saturation in silicate magmas to melt composition and temperature: The MELTS modeling results confirm that zircon saturation can be achieved using all four of the proposed parental melts as starting compositions (Fig. 17) . The concentration of Zr, an incompatible element, in the melt increases during crystallization of the major cumulus minerals (i.e. Zr-free minerals) and zircon saturation occurs with just over 20% remaining residual melt for the B1 parent down to as low as 6% remaining melt for B3 magmas (Fig. 17c and d) at temperatures ranging from 800 C down to 740 C. These temperatures are directly comparable with those determined by Ti-in-zircon thermometry (Fig. 16 ) and the predicted remaining melt volumes correspond to the observed rock textures (e.g. 5-20 vol.% interstitial material). The modelling results also reproduce the observed mineralogy in the maficultramafic cumulates, forming predominantly orthopyroxene, followed by plagioclase and a late assemblage of minor and accessory minerals. At zircon saturation, the composition of the remaining liquid is intermediatefelsic (59-67 wt % SiO 2 ) and the predicted stable phases include biotite, quartz, and alkali feldspar, with titanite appearing in equilibrium models at <800 C (Figs 17,  18 ). These predicted phases have been observed in the Bushveld samples themselves (e.g. Figs 5a, b, e, 6 ). Zircon will be a stable liquidus or autocrystic phase in fractionated melts within the mafic-ultramafic cumulates of layered intrusions provided that sufficient interstitial melt remains trapped within the matrix of the growing primocrysts to allow for crystallization of a Si-H 2 O-rich near-eutectic mineral assemblage (e.g. quartz, Na-plagioclase, K-feldspar, biotite), at temperatures approaching the solidus.
Recognition that zircon can be extracted from maficultramafic rocks in layered intrusions and associated Cr-Ni-Cu-PGE-V-Ti mineralization by targeting samples with heterogeneous textures (i.e. pegmatites) or macroscopic evidence for interstitial minerals that crystallized from highly fractionated melt (e.g. quartz, alkali feldspar, biotite) provides the petrologic community with new geochemical tools to decipher and quantify processes during their crystallization and consolidation (e.g. Scoates & Wall, 2015; Manor et al., 2017; Wall et al., 2018) . The proposed temperature-composition framework for zircon crystallization in the Bushveld Complex also has important implications for U-Pb geochronologic studies of zircon from layered intrusions. The closure temperature for Pb diffusion in zircon is in excess of 950-1000 C (Cherniak & Watson, 2000 , 2003 Cherniak, 2010) , which is higher than the Ti-in-zircon and zircon saturation temperatures established for individual samples from the Bushveld Complex. Highprecision U-Pb geochronology employing the chemical annealing and abrasion technique of Mattinson (2005) for individual zircon grains from layered intrusions that have been characterized for internal textural morphology by SEM-CL and trace element concentrations, including Ti-in-zircon thermometry, will yield dates that correspond to zircon crystallization within this relatively restricted temperature-time range at the latest stages of crystallization. With current CA-TIMS analytical precision of 0Á1% on individual zircon analyses (2r), the Bushveld Complex is sufficiently ancient (c.2Á06 Ga) that it is not yet possible to distinguish the age of the earliest crystallized zircon (i.e. higher temperatures) from the last-crystallized zircon (i.e. lowest temperatures) in a single sample (Scoates & Friedman, 2008; Scoates & Wall, 2015; Zeh et al., 2015; Mungall et al., 2016) . In contrast, identification of dispersed zircon dates (Dt ¼ several hundred thousand years) within individual samples from Mesozoic-Cenozoic mafic to intermediate intrusions (e.g. Rioux et al., 2012; Samperton et al., 2015) offers the prospect of resolving integrated temperature- The significance of high-Th/U zircon in the Critical Zone
The range of Th/U from $0Á5 to 1-2 for most Bushveld Complex zircon is typical of magmatic values (e.g. Belousova et al., 2002; Xiang et al., 2011; Kirkland et al., 2014) ; however, zircon from Upper Critical Zone orthopyroxenites displays anomalously high values (Th/ U ¼ 2-77) (Figs 9a, 14) . As the majority of the Th concentrations in these zircon grains are similar to those analysed from zircon in other samples from the Rustenburg Layered Suite and felsic roof rocks (Fig. 9a) , the high-Th/U analyses appear to be related to a depletion in U relative to Th. High-Th/U zircon from the Bushveld Complex may have formed as a result of cocrystallization of zircon with other U-rich phases, or from fractionation of zircon alone (Yudovskaya et al., 2013; Zeh et al., 2015) . Alternatively, U may have been lost from the fractionated interstitial melt during late-stage oxidation and fluid saturation, resulting in high-Th/U (and U-depleted) zircon. The relative effectiveness of these processes is evaluated below.
The occurrence of co-crystallizing phases with zircon that have a greater affinity for U than Th (e.g. uraninite, zirconolite, baddeleyite) would lead to high Th/U in the fractionated interstitial melt and high Th/U in zircon that subsequently crystallized from that interstitial melt. Rare, U-bearing accessory minerals reported in the Bushveld Complex include baddeleyite (ZrO 2 ) and loveringite ((Ca, Ce)(Ti, Fe, Cr, Mg) 21 O 38 )) (Yudovskaya et al., 2013; Mungall et al., 2016) . However, they are present in such minute abundances that their crystallization would not have significantly affected the distribution of Th and U during crystallization from a mass balance perspective. Rutile and apatite may contain U and both are found in many Bushveld samples. Barnes et al. (2010) and based on the whole rock chemistry of marginal sills -see the relative locations on the stratigraphic column in Fig. 2 . The red lines track the evolution of Zr concentration in the melt with fractionation (decreasing temperature) and the blue lines indicate calculated Zr concentration for zircon saturation in the melt (Watson & Harrison, 1983; Boehnke et al., 2013) . Zircon saturation occurs where the lines intersect and is denoted with a red star. The saturation temperature and the Zr concentration, SiO 2 content, and Uranium concentrations in rutile are highly variable (0Á01-74 ppm) (Table 4 ; Supplementary Data Electronic Appendix 2), reflecting, in part, the very low U concentrations of low-HFSE zircon. However, the highest U concentrations in rutile are from Merensky Reef sample SA04-08 (Eastern Limb), which has 'normal' Th/U zircon values (mean Th/U ¼ 1Á0; Table 4 ). This, combined with rutile being significantly less abundant than zircon in Bushveld rocks (i.e. by at least an order of magnitude), means that rutile fractionation in unlikely to produce high-Th/U residual melts. Finally, apatite analysed from the Merensky Reef is U-poor (1-3 ppm; Scoates & Wall, 2015) and thus is also a poor candidate for increasing Th/U during fractionation. The significant increase in Th/U required in the melt to produce the high-Th/U zircon typical of the Critical Zone cannot be explained by co-crystallization of other U-bearing phases with zircon.
An increase in Th/U in both zircon and residual melt during crystallization of interstitial melt in the Bushveld Complex may result from zircon fractionation alone (Yudovskaya et al., 2013; Zeh et al., 2015) . The viability of this process requires that during fractionation the zirconmelt distribution coefficient for U (D U ) was higher than that for Th (D Th ) such that the coefficient ratio D Th /D U decreased during cooling (e.g. Rubatto & Hermann, 2007) . Recently, Kirkland et al. (2014) evaluated the evolution of Th/U in zircon and melt from a wide range of bulk-rock compositions (gabbro to alkali granite) based on 10 000 SIMS analyses of zircon. Ratios of Th/U are higher in mafic melts (gabbro Th/U $1) and decrease systematically with increasing silica content (granite Th/U $0Á65). The ionic radius of Th 4þ is approximately 4% larger than that of U 4þ (Shannon, 1976 ) and, consequently, it is much less easily accommodated in the zircon crystal structure. The result is that although under equilibrium conditions there is a trend to higher Th/ U in zircon with decreasing melt temperature due to lattice strain, fractionation will yield the opposite results and produce lower Th/U in zircon with decreasing temperature (Kirkland et al., 2014) . An alternative process is required to explain the high-Th/U zircon in the Bushveld Complex.
We speculate that a local change in the oxidation state of the fractionated interstitial melt resulted in crystallization of the high-Th/U zircon similar to the process proposed for high-Th/U zircon from pyroxenites in the Stillwater Complex . These high-Th/U compositions, characteristic of zircon from Upper Critical Zone orthopyroxenites, are due to partitioning of U 6þ into a Cl-rich fluid phase (e.g. Keppler & Wyllie, 1991; Bacon et al., 2007) . Apatite, a common interstitial mineral in the Bushveld Complex, has been used as a monitor of halogen variations of interstitial melts in mafic layered intrusions (Boudreau et al., 1986; Boudreau & McCallum, 1989) . Apatite and biotite from rocks below the Bushveld Complex Main Zone are characterized by high ratios of Cl/F (i.e. chlorapatite) (Boudreau & McCallum, 1989; Willmore et al., 2000) . To produce the high-Th/U zircon in the Upper Critical Zone orthopyroxenites, it is likely that zircon crystallized and grew from fractionated interstitial melt during and following exsolution of Cl-rich fluids. These fluids preferentially partitioned U 6þ , resulting in high Th/U in the remaining melt. This process must have been initiated at relatively high temperatures ($950 C) based on the Ti-in-zircon thermometry (Fig. 16 ) and is consistent with evidence from the halogen geochemistry of apatite for fluid saturation in Critical Zone melt at temperatures >1000 C (Boudreau, 1999; Willmore et al., 2000) . The variable Th/U in zircon from individual Critical Zone samples is a measure of the degree to which the interstitial melt pockets were interconnected and equilibrated with Cl-rich fluids. C showing the differences between the models with biotite, quartz, and titanite crystallization in the equilibrium model and magnetite, alkali feldspar, and quartz crystallization in the fractional model. The secondary y-axis shows the % melt remaining (thick black lines, solid and dashed). The red star indicates the point of bulk zircon saturation at $13% remaining melt. Clinopyroxene crystallization was suppressed in all models. Abbreviations: opx, orthopyroxene; plag, plagioclase; mt, magnetite; ilm, ilmenite; ksp, alkali feldspar.
Origin of LREE-enriched signature of zircon from the granitic roof of the Bushveld Complex
The LREE-enrichment (i.e. anomalously low (Sm/La) N ) of zircon from the three felsic roof rocks and from the Main Zone sample is distinct from the normal magmatic REE patterns of zircon in Bushveld mafic-ultramafic cumulates (Fig. 11) . Relative enrichment of LREE in zircon may result from a variety of processes, including co-crystallization of other accessory phases (e.g. xenotime YPO 4 , monazite CePO 4 , apatite Ca 5 (PO 4 ) 3 (F, Cl, OH)) and subsequent incorporation as micro-inclusions, and hydrothermal alteration leading to solid-state partial recrystallization or re-equilibration with fluids during local dissolution-reprecipitation and formation of LREE-enriched micro-inclusions (Whitehouse & Kamber, 2002; Hoskin & Schaltegger, 2003; Hoskin, 2005; Geisler et al., 2007; Grimes et al., 2009) . Although relatively large inclusions of apatite, alkali feldspar, and albite are found in some zircon in the roof granites, the analysed grains were devoid of these types of inclusions ( Fig. 7) and do not show the porous or chaotic CL responses typical of zircon that has interacted with an aqueous fluid (Grimes et al., 2009) .
To evaluate the potential effect of ablating zircon with micro-inclusions (i.e. not resolvable by SEM), mixing calculations were carried out using an analysis from B10-056 (Nebo Granite) with the lowest La concentration (highest (Sm/La) N ) as the starting composition and the most LREE-enriched analysis in the sample as the 'contaminated' end-member (Fig. 19) . The effect of ablating micro-inclusions was simulated by using the average REE concentrations of apatite from the top of the Upper Zone (VanTongeren & Mathez, 2012) and monazite and xenotime compositions from Borai et al. (2002) . The calculations demonstrate that addition of apatite could reproduce the LREE enrichment and the overall shape of the REE patterns, although this would require mixing in an unrealistic amount of apatite (up to 35 wt %). Mixing zircon with any quantity of xenotime yields increased REE concentrations due to the positive slope of the xenotime REE pattern, however, it does not flatten the LREE pattern as observed in the zircon patterns from the top of the Bushveld Complex. In contrast, mixing with as little as 0Á01 wt % monazite could produce both the observed patterns and slopes. Significant LREE enrichment occurs with incorporation of only 0Á001 wt % of monazite, which we assume represents the dominant micro-inclusion incorporated during growth of zircon in the felsic roof rock samples and in the Main Zone sample. As Y is notably more abundant in zircon with LREE-enriched compositions (range of median Y ¼ 980-1400 ppm compared to 272-767 ppm for all other samples: Table 3 ), some proportion of the micro-inclusions is likely to be xenotime.
Application of tectono-magmatic discrimination diagrams using trace elements in Bushveld zircon
The trace element chemistry of zircon, especially the use of trace element ratios, is sensitive to rock type, crystallization environment, and tectono-magmatic setting (e.g. Hoskin & Ireland, 2000; Belousova et al., 2002; Grimes et al., 2007) . Based on the classification diagrams of Belousova et al. (2002) , the elemental geochemistry (e.g. Y, U, Th) of Bushveld zircon is similar to that of zircon that crystallized from granitic to syenitic magmas ( Fig. 20a and b) . The notable exception is the high-Th/U zircon from the Critical Zone that records the effects of late-stage oxidation, fluid saturation, and U loss from fractionated interstitial melt (Fig. 20a) . This result is consistent with the predicted intermediate-felsic (59-67 wt % SiO 2 ) melt compositions for zircon saturation derived from the MELTS modeling and with the associated phases in the rocks themselves, including biotite, quartz, and alkali feldspar. Grimes et al. (2015) proposed the use of select immobile trace element ratios (e.g. U/Yb, Nb/Yb, Sc/Nb) to effectively distinguish zircon from predominantly modern through to Mesozoic mid-ocean ridge, magmatic arc, and ocean island (þplume-influenced) settings based on a compilation of >5300 SHRIMP-RG analyses. Excluding the high-Th/U zircon from the (Fig. 20c) . In contrast to most other geochemical characteristics (Figs 9, 12, 14) , zircon from the Upper Zone sample is distinguished from felsic roof rock zircon by relatively low Nb/Yb (Fig. 20c) . Bushveld zircon also overlaps the field defined by ocean island zircon as represented by Iceland felsic volcanic rocks and Hawaiian trachytes (Grimes et al., 2015) (Fig. 20c) . Zircon from the felsic roof rocks plots at the high end of the continental arc field in the Sc/Yb vs Nb/Yb diagram (Fig. 20d) . In contrast, nearly all zircon from the maficultramafic rocks has distinctly high Sc/Yb, plotting well above the continental arc field, and shows a strong signal of expected zircon fractionation (Fig. 20d) . Zircon from the Upper Zone sample is again distinguished from the felsic roof rocks by relatively high-Sc/Yb. Grimes et al. (2015) highlighted the potential for inaccurate Sc analyses in zircon due to isobaric interferences caused by 90 Zr þþ during in situ analyses; special attention was paid to this interference during analysis. The only other example of high-Sc/Yb zircon that we have encountered from mafic-ultramafic intrusions is from the Stillwater Complex . Based on both occurrences, we speculate that high Sc/Ybzircon may signal a distinctive source composition for these two layered intrusions.
Rutile as a petrogenetic indicator in the Bushveld Complex and other mafic layered intrusions
Rutile, the most common naturally occurring titanium dioxide polymorph, is found in a wide range of rocks as an accessory mineral, including granitoids, metamorphic rocks, mantle rocks, and meteorites (Meinhold, 2010) . Based on its chemical variability (e.g. major host of Nb, Ta and other HFSE such as Zr, appreciable U contents), rutile can be used as a key petrogenetic indicator mineral to monitor a variety of geochemical and geochronological processes (e.g. Rudnick, 2000; Zack et al., 2004a Zack et al., , 2004b Schmidt et al., 2009; Meinhold, 2010; Scoates & Wall, 2015) . In igneous rocks, rutile is most commonly found in granites and associated quartz veins, pegmatites, carbonatites, kimberlites, and metallic ore deposits (Meinhold, 2010) , and its presence is now increasingly recognized in mafic-ultramafic plutonic rocks, including layered intrusions such as the Bushveld Complex (Cameron, 1979; Scoates & Friedman, 2008; Vukmanovic et al., 2013; Yudovskaya et al., 2013; Scoates & Wall, 2015) and the Great Dyke (Oberthü r et al., 2002) , as well as in anorthosite-hosted Fe-Ti oxide ore deposits (Morisset et al., 2010 (Morisset et al., , 2013 .
The textural setting and geochemistry of rutile in rocks of the Critical Zone from the Bushveld Complex reveal two distinct paths for its formation in the maficultramafic cumulates. Magmatic rutile that is inferred to have crystallized directly from interstitial melt is present as small euhedral to subhedral needles and is associated with biotite or finely dispersed within quartz (e.g. Fig. 5d ). It is readily identifiable by high HFSE concentrations typical of igneous rutile from other settings (Meinhold, 2010) and by notably high Sc and Cr contents (Fig. 13d) . The strong temperature dependence on the partitioning of Zr into rutile coexisting with zircon or other Zr-rich phases allows for calibration of the Zr-inrutile thermometer (Zack et al., 2004a; Watson et al., 2006; Ferry & Watson, 2007; Tomkins et al., 2007) . The thermometer of Ferry & Watson (2007) expresses temperature as: log ðppm Zr À in À rutileÞ ¼ ð7:42060:105Þ -ð45306111Þ=TðKÞ-log aSiO 2 Zr-in-rutile thermometry results for interstitial rutile yield a range of temperatures ($1000-800 C) that are interpreted as crystallization temperatures and that broadly overlap the Ti-in-zircon temperatures from the same rocks (Fig. 21) . In contrast, rutile that forms rims or sub-equant grains on chromite is interpreted as an exsolution product of chromite (e.g. Ghisler, 1970; Cameron, 1979; Ghosh & Konar, 2011; Vukmanovic et al., 2013) . This rutile, which is depleted in HFSE compared to magmatic rutile, is very highly depleted in Ta and Nb, and contains significantly less Cr than the interstitial grains (Fig. 13b-d) . The exsolved rutile inherits the chemical signal of its original chromite host, which contains very low abundances of the HFSE (Pagé et al., 2012) and Cr as an essential structural constituent. Application of the Zr-in-rutile thermometer to the exsolved rutile requires an assessment of silica activity and a value of aSiO 2 ¼ 0Á5 is assumed (e.g. Hayden & Watson, 2007) . The estimated temperatures (800-480 C) are significantly lower than those determined for the coexisting magmatic rutile (Fig. 21b ) and are consistent with exsolution of the TiO 2 component of chromian spinel (i.e. ulvö spinel, Fe 2 TiO 4 ) at subsolidus conditions during cooling of the Bushveld Complex. Some samples contain only magmatic rutile (e.g. DT28-912, MP24D2), others are dominated by exsolved rutile (e.g. SA04-13, SA04-06), and still others have mixed populations of magmatic and exsolved rutile (e.g. SA04-08, TW477-661). A combination of careful petrography and imaging and trace element geochemistry can successfully resolve the type of rutile present in any given sample.
The discovery of accessory rutile in many rocks of the Bushveld Complex opens up new possibilities for examining geochemical pathways during late-stage consolidation of mafic-ultramafic cumulates and the timescales of cooling and uplift in layered intrusions. As this study demonstrates, the distinctive trace element chemistry of rutile allows for discriminating between different types of rutile even within individual samples. Isotopic fingerprinting of rutile (Hf-O isotopes) from layered intrusions holds promise to complement existing whole-rock and mineral isotopic studies (e.g. Rb-Sr, Sm-Nd, Lu-Hf, Pb-Pb) that provide both source constraints and reveal processes involved in their crystallization and consolidation (DePaolo & Wasserburg, 1979 [Stillwater] ; Stewart & DePaolo, 1990 [Skaergaard]; Chutas et al., 2012 [Bushveld] ; VanTongeren et al., 2016 [Bushveld] ). Rutile can also be exploited as a mineral chronometer in layered intrusions using combined U-Th-Pb geochronology and (UTh)/He thermochronology to establish complete cooling histories for mafic layered intrusions. U-Pb dating of Bushveld Complex rutile, where the closure temperature for Pb diffusion is in the range of 400-600 C (Cherniak, 2000; Schmitz & Bowring, 2003) yields dates (c.2053 Ma) that are $4 million years younger than the U-Pb zircon dates (c.2057 Ma) from the same rocks, and, consequently, a cooling history for this major layered intrusion can be constructed (Scoates & Wall, 2015) . For (U-Th)/He thermochronology, the closure temperature of He diffusion in rutile is much lower ($100-200 C) and is dependent on grain size and cooling rate (Stockli et al., 2007; Cherniak & Watson, 2011) . This low-temperature chronometer can be used to determine rates of exhumation and erosion of layered intrusions, an as yet uninvestigated research topic. Based on the results of this study, we predict that rutile is undoubtedly present in other major layered intrusions. Target rocks should include those that contain chromite and especially those that contain crystallized pockets of interstitial minerals that represent the final crystallization products of fractionated interstitial melt (e.g. quartz, alkali feldspar, biotite, apatite, zircon).
CONCLUSIONS
The trace element geochemistry of zircon and rutile determined by LA-ICP-MS from a suite of samples spanning nearly the entire magmatic stratigraphy of the Bushveld Complex establishes a temperaturecomposition framework for crystallization of fractionated interstitial melt in mafic-ultramafic cumulates and associated granitic magmas. Ti-in-zircon thermometry yields near-solidus temperatures (950-730 C) for the mafic-ultramafic cumulates of the Lower Zone, Critical Zone, and Main Zone, and notably cooler temperatures (875-690 C) for an Upper Zone diorite and the overlying felsic roof rocks. Forward modelling using rhyolite-MELTS for the crystallization of proposed Bushveld Complex parental magmas produces zircon saturation (800-740 C) from highly fractionated melts ($5-20% remaining melt) and late-stage, near-solidus mineral assemblages that are the same as to those observed in the rocks (e.g. quartz, Na-plagioclase, Kfeldspar, biotite). High-Th/U zircon from the Critical Zone appears to reflect U loss from the interstitial melt during exsolution of an oxidized Cl-rich fluid. Identification of two distinct morphological and geochemical types of rutile in the Bushveld Complex, needle-like magmatic rutile with typically high HFSE contents that crystallized from fractionated interstitial melt (Zr-in-rutile thermometry ¼ 1000-800 C) along with zircon and rutile exsolved from chromite (800-480 C) with anomalously low HFSE, provides a new tool for evaluating the consolidation of mafic-ultramafic cumulates and the timescales of cooling and uplift in layered intrusions. Exploring the near-solidus evolution of mafic layered intrusions such as the Bushveld Complex using the trace element chemistry of accessory minerals is a novel approach to constraining the late stages of crystallization from highly fractionated interstitial melt in these petrologically important intrusions. samples used in this study from the collection at the American Museum of Natural History (New York 
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